ABSTRACT High precision positioning requires correct carrier phase observation. However, signal block will cause the discontinuity of the carrier phase named as cycle slip, which will severely depress the positioning efficiency and accuracy. Triple-frequency global navigation satellite system measurements bring benefit to the detection and repair of cycle slip. We propose a modified method to detect cycle slip based on combinations of triple-frequency signals. Cycle slips on the three combinations with longer wavelengths and lower noises are determined by the geometry-free model. Then, original cycle slips on three carriers are determined uniquely by the linear equations. To deal with the insensitive cycle slips, an alternative combination is presented as a supplementary. However, the residual of the first-order timedifferenced ionospheric error cannot be ignored in this step or will be mistaken as cycle slip if not eliminated. To remove this interference, the residual is compensated by pre-estimations calculated by previous wide-lane combination with no cycle slips have been detected. In the end, real triple-frequency GPS data provided by IGS is processed by this method. The results show that the proposed method can detect all cycle slips in real time even under high ionospheric activity.
I. INTRODUCTION
The research to improve the accuracy, integrity, continuity and availability of real-time high precise positioning is becoming more and more important with the modernization of GNSS. Accurate carrier phase of GNSS is a prerequisite for high precision positioning. However the receiver often fails to track the carrier phase continuously for some reasons such as signal block, low SNR ratio or breakdown of the receiver. The discontinuity of the carrier phase will cause a sudden jump of random cycles in the measurement named as cycle slip. Even cycle slip on a single satellite will weaken the geometry and lead to severe impacts on the navigation, let alone losing lock of all satellites which happens frequently in kinematic environment. Once cycle slip occurs, most receivers repeat their convergence process to re-fix the ambiguities, resulting to longer convergence time, even more than 30 minutes in some situation. Hence previous process of carrier phase observation to detect and repair cycle slip instantaneously is vital for fast and high precision positioning.
Lots of approaches have been proposed to remove the cycle slip recently. At first, double-difference (difference between receivers and satellites) observations are utilized frequently. Because for short baseline, the environment errors which are usually mixed up with cycle slips could be eliminated exactly [1] . Chen et al. (2016) jointly used double-difference (DD) geometry-free (GF) combination and ionosphere-free (IF) observation to estimate the cycle slip. These combinations were corrected for the computed geometrical distance in dual-frequency observations [2] . However the dependence on reference station leads to more complex navigation process and restricts the feasibility in various applications. Thus the method utilizing the data of single receiver known as precise point positioning (PPP) is attracting more attention [3] . The model of single receiver is easier to realize and can achieve timely results. Moreover the processing method designed for any system can be extended to different GNSS members more conveniently. However, the data collected by a single GNSS receiver can be corrupted by many different errors and is usually more vulnerable to the interruptions. The errors can be modelled as a shift in the mean of the data vector. In other words cycle slip also limits the application and effectiveness of PPP. Liu et al. (2011) utilized the ionospheric total electron contents (TEC) rate (TECR) and Melbourne-Wubbenawide-lane (MWWL) linear combination at the same time. The method could uniquely determine the cycle slip on both L1 and L2 frequencies based on only one single dualfrequency GPS receiver [4] . Banville and Langley (2013) presented a geometry-based approach with rigorous handling of the ionosphere but there were risks when ionospheric delay variations exceeded 50 cm [5] . Cai et al. (2013) integrated a forward and backward moving window averaging algorithm and an algorithm of second-order, time-differenced phase ionospheric residual to detect and repair cycle slip [6] . Generally, these works are based on single-frequency or dualfrequency observations. For current dual-frequency combinations of GPS observations, the correlation between the error and the time will be enlarged with the increase of sampling interval. Therefore the performance of the traditional method to detect cycle slip will be greatly degraded [7] . With the development of GNSS, observations on more frequencies are available for a single receiver and will improve the positioning accuracy and efficiency [8] . For instance modern GPS supplements L5 frequency nowadays. The three frequencies broadcasted by GPS are f 1 = 154f 0 = 1, 575.420 MHz, f 2 = 120f 0 = 1, 227.600 MHz and f 3 = 115f 0 = 1, 176.450 MHz, where f 0 = 10.23 MHz is the reference frequency. Compared to dual-frequency model, triple-frequency signals provide more options to combine the observations. These combinations will contribute to obtain better properties such as longer wavelengths, lower noises and lower ionospheric errors. These properties are beneficial to cycle slip detection of single point [9] . de Lacy et al. (2012) detected the cycle slip based on five geometry-free linear combinations which had the minimum noises [10] . Ye et al. (2016) used the LAMBDA method to search for cycle slip integrating GPS and GLONASS [11] . Huang et al. (2016) utilized an effective decorrelation search based on LAMBDA and principle of minimum least squares to calculate cycle slip [12] . However the geometry-based approach has to solve the receiver position at the same time. So this method needs to have more than four satellites in view and has to process the navigation messages completely beforehand [13] , [14] .
In summary, the main approaches to identify and repair the cycle slip in PPP are concluded as follows. One is to introduce additional parameters into the PPP model. This method is similar to the re-initialization of the ambiguities and leads to a long convergence time. If the cycle slips occur frequently, a large number of parameters have to be introduced and will lead to a significant degradation of the efficiency in PPP. The second type is to detect and repair the cycle slip directly at each epoch. This method undoubtedly is more desirable compared to the first one. With regard to the latter approach, the polynomial fitting method [15] or highorder time-differentiation [16] are generally utilized. But they have the identical limitations. They can only detect large cycle slips but are insensitive to the small ones of 1-2 cycles. It is difficult to detect and repair the smaller cycles accurately because of interference caused by the clock error, delay of atmospheric refraction and multipath noise, especially for real-time positioning [17] . In early days, residuals are postprocessed e.g. by Kalman filtering technique. But it needs carrier phase observations of many epochs and high sampling frequency. The complicated algorithms thus can not meet the requirement of real-time positioning [18] . Besides, many methods assume that the carrier phase observations are collected under ionosphere of low activity. The variation of the ionospheric delay is smooth in a period of time. Yet this assumption is not applicative to the areas under active ionosphere. A review of the existing methods for cycle slip detection and repair reveals that most approaches lack proper handling with variations of ionospheric delay. Recently, several methods such as the Hatch-MelbourneWubbena (HMW) linear combination have been proposed for cycle slip detection. They can be applied to both the single point and relative positioning. The HMW combination removed not only the geometric but also the ionospheric parameters. So this method is applicable even in high dynamic or active-ionosphere environment. In this process, the phase and code observations are combined to detect large jumps, i.e. whose amplitudes are much larger than the combined noise of the data. However the utilization of the pseudorange observations which are much noisier than carrier phase observations will import larger noise than usual e.g. in the presence of multipath, increased ionospheric disturbance, or low satellite elevation angle. Hence it may fail to detect small cycle slips. Considering the existing problems, we put forward a modified method based on the triple-frequency observations of GPS. First we choose three optimal combinations with relatively better properties. They are linearly independent to each other. As a supplement, time difference of combination observations is used to eliminate the slow-changing errors and compute the combined cycle slips. In order to deal with the insensitive cycle slips, an alternative combination is utilized as a supplementary. However, the residual of time-differenced ionospheric errors can not be ignored in this step or will be mistaken as the cycle slip if not eliminated. In order to remove the interference, the residual is compensated by the first-order timedifferenced ionospheric delay calculated by the first and second combinations without cycle slips. After the cycle slips of the three virtual signals have been determined, the original cycle slips on each carrier can be recovered uniquely by the linear equations. This paper is organized as follows. Section 2 interprets the linear combinations of triple-frequency observations and the corresponding characteristics. In section 3 we derive the procedure of the modified method to detect and repair the cycle slip. Section 4 illustrates the results and analysis of the numerical tests utilizing the proposed method. Conclusions are summarized in the last section. 
II. LINEAR COMBINATION OF TRIPLE-FREQUENCY OBSERVATIONS
Before introducing the principles to combine the raw observations linearly, the fundamental positioning equations of code and carrier phase used for PPP are presented first. Because this theory is essential for readers to understand the process of combining the equations and the proposed method.
A. OBSERVATION EQUATIONS
To lay a foundation of this method, the GNSS code and phase observation equations at frequency f m are written as [19] :
where the index m indicates multiple frequencies of GNSS. The symbol P m and Φ m denote the raw code and phase observations in meters respectively, ρ is the geometric parameter between the receiver and satellite, which includes the geometric distance, the satellite and receiver clock errors, the tropospheric delay, along with the satellite and receiver hardware delays. These elements are combined together because they do not change with the frequency. The symbol δI 1 denotes the ionospheric delay on frequency f 1 in meters,
is the ionospheric scale factor (ISF) which means the amplification factor for different frequencies. Thus ionospheric delay is related to the frequency. λ m is the wavelength of frequency f m , N m is the integer ambiguity when counting the cycles of carrier phase at f m , ε P m contains code measurement and multipath noise, and ε Φ m includes carrier phase measurement and multipath noise at frequency f m . The multipath and stochastic noises are independent to each other. Modern GNSS such as GPS (USA) and Beidou (China) have been broadcasting signals at three frequencies already. The detailed information of the frequencies and wavelengths are summarized in Table 1 , where B1, B2 and B3 represent the three frequencies of Beidou, and the others represent the ones of GPS. The zenith-referenced standard deviations of un-differenced code (P) and carrier phase (Φ) are given in columns 4 and 5 [20] . In common situations, the carrier phase measurement noises ε Φ 1 , ε Φ 2 , and ε Φ 3 are assumed to be independent and identical in standard deviation, which means σ Φ 1 = σ Φ 2 = σ Φ 3 = σ Φ ; and the same is true for the pseudorange noises ε P 1 , ε P 2 , and ε P 3 , thus we can achieve σ P 1 = σ P 2 = σ P 3 = σ P [21] . For an arbitrary elevation, the standard deviations are calculated by multiplying the zenith-referenced values with an elevation dependent function. In practice an exponential or cosecant function are often used, as depicted in Figure 1 . The function values lay between 3 and 4 at 15 • elevation which is often set to be the cut-off angle, and approach the minimum of 1 at the elevation of 90 • [22] .
B. COMBINATION OF TRIPLE-FREQUENCY OBSERVATIONS
In order to detect cycle slip, linear combinations of raw observations are formed to mitigate the geometric parameters or some error sources, such as clock and tropospheric errors. Moreover, combinations of triple-frequency observations are characterized to have longer wavelengths and lower measurement noises. These characters are beneficial to distinguish the cycle slip from the noise. Considering various linear combinations of the observations, the general form of linearly combined functions are summarized as [23] :
where P C and Φ C are the combined code and carrier phase observations respectively. α, β and γ are arbitrary combination coefficients. The subscript 1, 2, and 3 represent any three frequencies of GNSS carriers. The three carrier phases are arranged according to the magnitudes of the frequencies which satisfy the relationship f 1 > f 2 > f 3 . The other symbols have the same definitions as the ones in the original measurement equation (1) and (2). Usually for the geometric parameter a unit coefficient is preferable. Because it conforms to the traditional form of navigation equations and makes it easy to resolve the coordinates. Moreover the distance information with common unit coefficients are convenient to be removed. Thus α, β and γ should meet the equation α + β + γ = 1. And the expression of α, β and γ are usually written as:
Therefore P (i,j,k) and Φ (i,j,k) can be expressed as:
The P and Φ with the subscripts (i, j, k) represent the parameters after combination with the combining coefficients being i, j and k. To investigate the value of the characteristic parameters, we first divide both sides of equation (2) by the wavelength and the derivation is expressed as:
When Φ 1 , Φ 2 and Φ 3 are combined by i, j and k, L (i,j,k) correspondingly can be written as:
where λ 1 , λ 2 , and λ 3 are the wavelengths of the three carriers. N (i,j,k) represents the combined carrier phase ambiguity and is derived as:
The cycle slip defined as N i,j,k is calculated by differencing the ambiguities of consecutive epochs and is expressed as
, where n represents the epoch number concerned. The signals before the current epoch are considered to be free of cycle slips for their cycle slips, if indeed occur, have been repaired, because the cycle slips are detected and repaired epoch by epoch. Therefore, in order to detect the cycle slips with random integer cycles, the integer character of the combined ambiguity N (i,j,k) should be preserved. Hence i, j, and k are all set to be integers here.
Then both sides of equation (11) are divided by
so that the coefficient of the geometric parameter is transformed to a unit one. The common unit coefficients make it easy to remove the distance information or calculate the coordinates by using the traditional methods. Thus the expression is written as: (13) Similarly, the combined code observation is modeled as:
where β (i,j,k) is the ionospheric scalar factor of the combined signal with respect to carrier L 1 , and is derived as:
The virtual frequency and wavelength of the linearly combined observations are defined as:
where c represents the speed of light in vacuum. As Table 1 illustrates, in common situations, the noises of carrier phase and pseudorange measurements on different frequencies are assumed to be independent and have identical standard deviation. Hence the variances of the linearly combined phase and code observations are derived as:
where µ (i,j,k) is defined as the phase noise factor (PNF):
In order to find out whether there are cycle slips in the combinations, the ambiguities of the virtual signals need to be resolved first and the value can be computed by differencing equations (13) and (14) which is expressed as:
where the index C1 and C2 represent different combination coefficients for pseudorange and carrier phase respectively. If no cycle slip occurs, the value of ambiguity keeps invariant. Otherwise the estimation of cycle slip known as the difference between the ambiguities at two consecutive epochs equals to:
Through equations (21) and (22), we can see that the residuals of cycle slips are mainly contaminated by the variation of ionospheric and multipath errors between adjacent epochs, the noises of code and carrier phase observations along with the wavelength of the combinations. The longer wavelength will lead to higher resolution of cycle slip detection in the same environment. Commonly, the noises of code and carrier phase observations have high stability and can be treated as constants within a short time, and the same is with the multipath errors. Therefore the inter-epoch differences of the noises and multipath errors are negligible. 
III. PROCEDURE TO DETECT AND REPAIR CYCLE SLIP
Although numerous triple-frequency combinations can be constructed from the original observations, most of them are discarded for their even shorter wavelengths, higher ionospheric delays and combination noises. The useful combinations are listed in Table 2 along with values of the characteristic parameters, i.e. frequency, wavelength, ISF and PNF. First, we should at least choose three independent interfrequency combinations with optimum characters. From formula (21), we know that the performance of this method is affected by the variation of ionosphere delay between adjacent epochs and the noise level of the observation. So these combinations are supposed to be able to reduce the firstorder time difference of ionospheric error. Moreover, they should have longer wavelengths and lower noise levels. Thus, the procedure of detection starts from the combination with the best property. Cycle slips are easier to be recognized as they are amplified by longer wavelength if the original carriers do have cycle slips. The pseudorange observations are also included to remove the geometric parameters, receiver or satellite clock errors and tropospheric delays named as geometry-free combination. It has nothing to do with the distance from stations to stars. Then the combination obtained from the first step with cycle slip corrected are used as more accurate ''pseudorange'' in the second phase combination to eliminate the geometric elements. Similarly, the third combination employs the result of the second step to resolve the third combined cycle slip. At last the original cycle slips on the three carriers are determined by the linear equations of the combinations instantaneously. Based on error propagation principle, we know that the noises of the virtual signals will be enlarged after using coefficients in Table 2 . But the inter-epoch noise level is extremely small. So this method still performs well. Only the active variation of the ionosphere delay between adjacent epochs is the obstacle left. The large inter-epoch variation of ionospheric errors will sharply decrease the accuracy of cycle-slip detection or even lead to failure of judgment. In order to mitigate the interference, the residual is compensated by the first-order time-differenced ionospheric delay calculated by the previous combinations without cycle slips.
A. CASCADE PROCEDURE IN ORDINARY SITUATION 1) HMW COMBINATION
First the carrier phase combination with optimal property is chosen referred to as extra-wide-lane (EWL) combination. Then the corresponding pseudorange observations are combined with the EWL combination to remove the geometric parameters. The geometry-free formula is known as HMW combination. Moreover, as we can see in (15) , for certain δI 1 and ε, usually the ISF and PNF are smaller when the combination coefficients are smaller. And smaller amplification factor of the errors will lead to higher accuracy of detection. From Table 2 , we can see that Φ (0,1,−1) has the longest wavelength and relatively lower ISF and PNF. So this combination is chosen as the EWL combination. The ambiguity of Φ EWL derived by the HMW combination is indicated as:
By differencing the ambiguities of adjacent epochs, we can obtain the formula of cycle slip as:
From Table 2 , we can get β (0,1,1) + β (0,1,−1) = 0. Hence the first-order variation of the combined ionospheric delay is also eliminated by the combination. Although the PNF of Φ (0,1,−1) is larger after combination which is 33.2415, the amplified result of the noise won't exceed 0.1 m according to Table 1 . Compared to the wavelength 5.8610 m of the EWL combination, the stochastic noises are negligible. The instrumental delays can be eliminated by time-difference because they remain sufficiently constant during short time spans. So the cycle slip of the EWL can be detected directly.
When N EWL is found to be larger than 0.5 cycle, we consider that a jump of the carrier phase occurs. As the noise of N EWL is much less than 0.5 cycle, the integer rounded from the float estimation is regarded as the magnitude of the cycle slip which is
2) WL COMBINATION
Once the cycle slips of the EWL combination have been found out and corrected, the repaired virtual signal is utilized to detect the cycle slips of the second combination named as wide-lane (WL) combination. The WL combination is supposed to have relatively longer wavelength and lower ISF or PNF among the rest combinations except EWL. Because carrier phase observations have higher accuracy than the pseudorange, the geometry-free model in this step has higher precision. The ambiguity of the WL combination combined with repaired EWL combination is derived by the geometry-free model expressed as:
By differencing the ambiguities at two consecutive epochs, we can obtain the magnitude of cycle slip on Φ WL which is derived as:
Here the sequence i = 1, j = −1 and k = 0 are chosen as the second coefficient pair for its good property as shown in Table 2 . The amplification factor of the time-differenced ionospheric residual is β EWL − β WL = 0.4353 for GPS.
To analyze the value of δI 1 , Figure 2 depicts the ionospheric delays of signals from three GPS satellites at frequency f 1 . G16, G23 and G27 represent the PRN numbers of each satellite respectively. The ionospheric errors are calculated based on the navigation message provided by International GNSS Service (IGS) [24] . The data is collected on January 1st 2017 and lasts for 400 epochs with a sampling interval of 30 s. Figure 2 (a) illustrates the variation of ionospheric delay for three satellites respectively. It shows that the errors of the signals decrease before epoch 100 and then increase for three satellites. Because with movement of the satellites the elevation angle referred to the receiver will change correspondingly. For the same zenith-delay, the higher the elevation angle is, the smaller the error. G23 achieves the minimum value of 1.5 m at epoch 150 and the maximum delay of G16 reaches 4 m at epoch 400. Figure 2 (b) presents the first-order time difference of the ionospheric delay. It can be seen from the figure that the variation of the errors is much smoother than the original sequence except for extremely rare epochs. The maximum value doesn't exceed 0.15 m. variance-covariance propagation law and 
3) NL COMBINATION Similar to equation (26), the cycle slip repaired WL combination is used as the ''pseudorange'' to construct the geometry-free model for the third combination named as narrow-lane (NL) combination. Referring to (26), the ambiguity of the NL combination is derived as:
Thus the cycle slip of NL combination is determined by differencing the ambiguities (29) at two adjacent epochs which is written as:
Here i = 0, j = 0 and k = 1 are chosen as the coefficients of NL combination for its relatively longer wavelength and lower ISF or PNF as shown in Table 2 . For Φ (0,0,1) , the virtual wavelength is λ (0,0,1) = 0.255 m. The amplification factor of time-differenced ionospheric delay is β WL −β NL = −3.0766. The PNF of Φ (0,0,1) is 1. The carrier phase measurement error inside the receiver is normally small, about 0.13 mm as seen in Table 1 . Considering the noises resulting from multipath and atmospheric effects, the overall carrier phase measurements may have a few millimeters. It is small enough to be neglected compared to the wavelength. The standard deviation of the time-differenced sequence will be smaller. Hence, when N NL > 0.5 cycle, cycle slips on N NL are considered to exist at this epoch. And the value of the cycle slip which is used to repair the integer ambiguity is determined by:
4) INSENSITIVE CYCLE SLIPS
In most cases, the combinations Φ (0,1,−1) , Φ (1,−1,0) and Φ (0,0,1) have good properties to determine whether cycle slips occur at the current epoch and can ascertain the value. However, there are some insensitive groups which they are not able to identify. That is when all the cycle slips on each carrier are equal to each other such as
Although the EWL and WL combinations mentioned above have the best qualities, they are useless for detecting the insensitive jumps. Also as the ionospheric residuals and noises of NL combination are larger than the first two combinations, they may affect the detection of cycle slips. In order to deal with this special condition, an alternative combination is chosen. The time-differenced ambiguity of the alternative combination is defined as N Alter . On one hand, the value of N Alter shouldn't be zero when N 1 = N 2 = N 3 . On the other hand, the coefficients should be small but still guarantee relatively longer wavelength and lower noise. According to Table 2 , the coefficient scheme (4, −5, 0) is chosen as the alternative group to check whether N (4,−5,0) > 0.5 cycle. Although PNF becomes bigger and may amplify the noises, the time-differenced variation will decrease a lot and is small enough to be ignored compared to the rather long wavelength. In consideration of other combinations, even if they may have lower amplification factor of the noises, the fairly short wavelength leads to the evidence of the noises which hence are not negligible. Then the EWL, WL and the alternative combinations are combined to resolve the original cycle slips on each frequency. It is used to replace the NL combination for the relatively poor property of NL compared to EWL and WL combinations. So the other two virtual signals keep unchanged.
N (4,−5,0) is insensitive to the cycle slip pairs which satisfy N 1 / N 2 = 5/4. But this kind of cycle slips can be detected by the EWL and WL combinations. So all the cycle slips can be detected by supplementing the alternative combination. Similarly, N Alter is derived as:
With relatively inferior property, N Alter is violated by the first-order time difference of ionospheric delay δI 1 . When the ionosphere is active, δI 1 can reach as large as 0.15 m according to Figure 2 Table 2 . If the timedifferenced ionospheric delay is as large as 0.15 m, the differenced residual will be biased by 3.29 m which is so large to be neglected compared to half of the wavelength 1.8316/2 m. Only when δI 1 is less than 0.05 m, it won't affect the result of detection. But this condition can be satisfied only for a short period when the ionosphere is calm. It can be seen that the cycle slip is closely tied with the noise. Therefore it is more difficult to detect the discontinuity. So first of all δI 1 must be removed in this step. If N Alter doesn't exceed the threshold of 0.5 cycle, we think that no cycle slips occur on the alternative combination. Otherwise, if N Alter is larger than 0.5 cycle, we should decide whether it is caused by the cycle slip or by the high ionospheric activity. If the ambiguity of Φ (1,−1,0) has been proved to have no cycle slips, then the result of (27) is totally composed by the firstorder time-differenced ionospheric delay δI 1 . The residual calculated from WL combination can be used to update (30). As we can see in Figure 2 (c) the second-order difference of ionospheric errors is much smoother and usually are no larger than 0.08 m. Compared to the wavelength of Φ (4,−5,0) which is 1.8316 m, it won't affect the result. To make more precise prediction of the probability and the resolution of the detection, the minimal detectable biases (MDB) can be calculated beforehand according to Teunissen. For this method, the cycle slip as small as 1 cycle can be detected successfully for the thresholds are all set to be 0.5 cycle.
5) RESOLUTION OF ORIGINAL CYCLE SLIPS
If the ionosphere is not active, the original cycle slips on each carrier are recovered by the following equation: Otherwise, if the ionosphere is active, the alternative combination is combined with the EWL and WL combinations to detect the cycle slip, and the equation is expressed as:
As the coefficient matrixes of both the two equations are full rank, the linearly independent equations can achieve unique solutions. Thus the cycle slips on the original carrier phases are definitely determined.
IV. NUMERICAL TESTS AND ANALYSIS
The effectiveness of the proposed method to detect and repair cycle slip is tested based on real triple-frequency GPS data. The navigation data is provided by IGS which is accessible to researchers all over the world. The GPS triplefrequency observations used in this test are broadcasted by For each procedure of cycle slip detection, the threshold to judge whether cycle slips occur is 0.5 cycle. Thus the random noises won't be misjudged as cycle slips or affect the estimation. The alternative combination does have higher noises than the first two ones. But after the ionospheric delay compensation, the random noises are controlled to be less than 0.3 cycle and won't prohibit the cycle slip detection. Similarly, Figure 3 (e), 3(f), 3(g) and 3(h) depict the cycle slip estimations of satellite G26. Figure 3 (i), 3(j), 3(k) and 3(l) depict the cycle slip estimations of satellite G27. We can see that the first-order time-differenced ambiguities of the three satellites contain only white noises when no cycle slips exist. The amplitudes are usually between −0.05 cycle and 0.05 cycle. Even the maximums are smaller than 0.15 cycle. Thus for these combinations, the cycle slips can be detected correctly with the threshold of 0.5 cycle.
B. SMALL AND INSENSITIVE CYCLE SLIPS
In order to test the validity of the proposed method using the above combinations, different cycle slips are added to the signals. are employed in this part, such as
Most of them are likely to be ignored or misjudged in ordinary situations. For satellite G03, the cycle slips are added at epoch 24, 48, 72 and 96 consecutively. For satellite G26, the cycle slips are added at epoch 36, 72, 108 and 144 consecutively. For satellite G27, the cycle slips are added at epoch 70, 140, 210 and 280 consecutively. If the method can detect the cycle slip as small as 1 cycle, the large ones undoubtedly can be detected exactly. The proposed method is applied to the virtual signals of the three satellites. Figure 4 depicts the combined cycle slips for each satellite. The pictures show that the small cycle slip pairs at the first three epochs can be detected for each of the three satellites. And the value of the jumps are approximate to the theoretically derived results which is 1 cycle in this case. Thus the jumps larger than 0.5 cycle are easy to be detected and repaired. But when the cycle slips on the three frequencies are equal to each other, none of the three satellites can discover the cycle slips correctly if only the EWL, WL combinations are used and the noises of NL combinations are much larger. So an alternative combination is necessary for the data process in case of the appearance of the insensitive cycle slip pairs. Figure 4(d) , 4(h) and 4(l) illustrate the N (4,−5,0) for satellites G03, G26 and G27 respectively. As we can see, at epoch 96, 144 and 280 for G03, G26 and G27 respectively, when N 1 = N 2 = N 3 = 1, the jumps of N (4,−5,0) still have been detected successfully for each of the satellite by the alternative combination. Although the value of N (4,−5,0) is one cycle, it still lead to a significant jump which is easy to be detected. Then the original cycle slips can be determined and recovered by the resolved accurate EWL, WL and alternative cycle slips.
C. SMALL, CONTINUOUS AND LARGE CYCLE SLIPS
The rest cycle slip types are added to the original observations of G27 to complete the test. The results of G03 and G26 are Figure 5 depicts the results of cycle slip detection when using the proposed method. As it shows, at epoch 70 and 71, the method can detect the adjacent jumps successfully. Moreover, either the smallest slips at epochs 140 and 210, or the large jumps at epoch 280 are detected correctly by this method.
The value of the jumps detected on the combined carrier phase observations and the fixation value of the cycle slips on the original signals in this test are listed in Table 3 . As column 5 to column 8 show, the float estimation are all very close to integers. The residuals are obviously much smaller than the wavelength and won't affect the fixation of the float estimations. Hence the float results are all rounded to the correct integer cycle slips.
Therefore we come to a conclusion that the proposed method can correctly detect all the jumps and fix the cycle slips to the right integers.
V. CONCLUSION
Accurate carrier phase observation is a prerequisite for high precision positioning. However cycle slip associated with carrier phase will prohibit the accuracy and efficiency of navigation. In this paper, we propose a modified method taking advantage of triple-frequency observations to detect and repair the cycle slip. First three linearly independent combinations are constructed by the original signals. They are characterized by longer wavelengths, lower ISF and PNF which are beneficial for identification of cycle slips. In case of missing the insensitive cycle slips, an alternative combination is selected as a supplementary. Although this virtual signal has relatively longer wavelength, the first-order time-differenced variation of ionospheric delay is amplified and can't be ignored compared to the wavelength. In order to eliminate the residual of variation, the first-order time-differenced ionospheric error is pre-estimated by the WL combination when no cycle slips are detected. Then this method is tested with real GPS data provided by IGS. Cycle slips of different types, i.e. small, insensitive, continuous and large ones are added to the original triple-frequency signals. The results indicate that this modified method can detect all the cycle slips on the three carriers even under high ionospheric activity.
Although this method is designed for GPS, the close-form formulas applicable to other GNSS members are easy to be constructed due to the model of single point positioning. Also this method can be extended to the scene with an arbitrary number of frequencies i.e. more than three frequencies. Future work may be focused on application in integrated systems with more than three frequencies and the kinematic model.
